We present a brief overview of attempts to construct de Sitter vacua in string theory and explain how the results of this 20-year endeavor could point to the fact that string theory harbours no de Sitter vacua at all. Making such a statement is often considered controversial and "bad news for string theory". We discuss how perhaps the opposite can be true.
Introduction
Since the middle of the 1970s string theory has been argued to be the way in which quantum mechanics and general relativity are to be unified into a theory of quantum gravity. Encouraged by the progress and challenges in particle physics at the time, there were wide spread hopes that string theory could be developed into a theory of everything, capable of explaining and deriving all fundamental properties of the laws of physics. Through string theory, the nature of the fundamental forces and particle spectra, together with coupling constants and particle masses, would be uniquely determined by mathematical and logical consistency. That was at least the dream and promise that was presented to the general public.
The focus of the period was on high energy and small scales, including the nature of the extra dimensions and their importance for physics accessible to experiments. Most string theorists had a background in high energy physics, and cosmology did not play an important role for the subject. Precision cosmology was in its infancy, and inflation was not the talk of the town, although the problem of the vanishing cosmological constant was a nagging one. Since decades back it had been thought to be zero, and there were unsuccessful attempts to prove this fact using fundamental physics.
This all changed towards the end of the millennium. The turning point was the shocking discovery of a non-vanishing cosmological constant (cc) [1, 2] . This observation implied we were in desperate need of a principle forcing the cc to more or less vanish on the scales of particle physics, there also had to exist further subtle effects allowing for a tiny non-zero value. The required amount of fine-tuning was completely unnatural from the point of view of string theory and seemed impossible to account for. The solution many finally adopted had actually been proposed ten years earlier by Barrow [3] , Barrow and Tipler [4] and Steven Weinberg [5] . They made the phenomenological observation that there was a limit on how big a hypothetical cosmological constant could be and still allow for a universe where galaxies could form. Since there is no reason for the cosmological constant to be much smaller than this, they argued that a value a bit lower than the maximal one would be the most natural. Remarkably, this is more or less the value of the cosmological constant we observe.
One can argue about the details of this argument, but give or take a couple of orders of magnitude, it was spot on given the rules of the game. What was needed in order for the argument to make sense was the anthropic principle [6] . In simple terms it is no more than the assumption that the world is much bigger and more varied than we so far have been able to explore. In particular, this applies to the value of the cosmological constant, which is assumed to vary randomly from one region to another, with its seemingly fine-tuned value as just a necessary property of a local, habitable environment. Other fine-tunings required for the existence of stars, and ultimately life, is explained in the same way. This leads to the notion of a multiverse of which our universe is just a tiny part. Whether and how you can reach other regions of the multiverse is not essential for the argument, what is important is that they do exist in the same way as ours.
The anthropic principle was embraced by some relieved string theorists [7, 8] , whose work now became so much easier. The idea of a landscape of possible string vacua was born, that laid the foundations of a multiverse in string theory [9] . The preconception that such a landscape simply had to exist lowered the bar of mathematical rigor. The difficulty of the subject makes it impossible to take all effects that contribute to vacuum energy into account and you are forced to make simplifications that, hopefully, can be justified when you see the end result. If, given certain simplifications, you find a result that is in line with the general expectations this can be viewed as justification enough. In this way the landscape was quickly populated [10] and it was argued to provide a possible explanation of the cosmological hierarchy problem [8, 11] .
Luckily, other parts of cosmology developed at a quick pace lending growing support for the theory of inflation. A prerequisite for inflation, is the existence of a potential energy that drives the accelerated expansion of the early universe in a way very similar to our late time dark energy. This potential energy is in turn determined by the value of a scalar field. Remarkably, calculations show that quantum fluctuations of the value of such a field lead to a CMB spectrum of just like what we observe. Interestingly, scalar fields of this very kind abound in string theory and are an integral part of the string landscape. Possible states of the universe correspond to minima in a multidimensional moduli space spanned by the numerous different scalar fields. A picture emerges, where the local state of the universe can shift from one minimum to another. Inflation is just the process where our universe came to rest at one such particular minimum, while we expect the outcome to be a different one at other places. In this way, inflation can be viewed as our first glimpse of the multiverse.
These ideas became the target of string theories most fierce critics. The claim that the landscape includes of the order of 10 500 different vacua became almost a joke. How could a theory with that amount of freedom have any chance of predicting anything? This kind of criticism is, however, misguided [12, 13] . One might compare with quantum field theory, where there is an infinity of fully consistent theories. Experiments are needed to pick the right one, and parameters must be fitted. When this is done the theory still has enormous predictive power, and no one would claim that the Standard Model is useless. One could argue in a similar way concerning the string landscape. Measurements need to be made in order to figure out where in the landscape you sit, including the size and shape of the extra dimensions, and only when this is achieved one can hope to make non-trivial predictions. Possible ways to test the theory includes high precision measurements in particle physics, and observations of the early universe [14, 15] .
The problem with the string landscape that we want to address, does not concern whether the multiverse is a reasonable proposal or not. We remain agnostic about its size and character, and about which quantities have an anthropic explanation. Historically, one can argue that the idea of a multiverse is a rather conservative approach with many parallels, and that attempts to portray it as a useless speculation are based on misunderstandings. The real problem is a completely different one. Paradoxically the critics of string theory and the proponents of the string landscape all agree on one thing: the landscape exists and we more or less know its properties. But what if they are wrong?
During the last almost two decades, much work on string cosmology has been the victim of a circular reasoning: we observe de Sitter space, we like string theory, hence we conclude that string theory must contain de Sitter space. Pointing towards the astronomical observations of dark energy, preliminary calculations purporting to show the existence of de Sitter vacua are accepted to be essentially correct. In turn, such calculations are used to argue that string theory makes successful predictions thus completing the circle. As we will argue, it is far from established that there exists a landscape of de Sitter vacua in string theory. On the contrary, there is mounting evidence that string theory abhors de Sitter space with unexpected conspiracies showing up as soon as you are in a position to actual perform detailed calculations. As we will review, there is not a single rigorous 4D de Sitter vacuum in string theory, let alone 10 500 . All claimed examples rely on assumptions about the outcome of calculations no one has yet been able to perform. In line with the overarching paradigm it is standard procedure to claim that it is all just a matter of unimportant technical details without any baring on the overall conclusion.
We feel that it is time to change attitude. String theory has matured far enough to stand on its own, we need to explore the theory with an open mind, acutely paying attention to what it actually has to say about the existence of de Sitter vacua and dark energy. The possibility still remains that string theory fails to provide a single de Sitter vacuum [16] , and thus could miss out on its first observational test. It is also possible that string theory is the correct theory of quantum gravity, but the way it is made compatible with observations is much more sophisticated than what we now are attempting.
The rest of this paper is organised as follows. In section 2 we review various proposed de Sitter vacua in string theory, which are then criticized in section 3. In section 4 we discuss the possibility that there are no de Sitter vacua at all, and what it implies and we conclude briefly in section 5.
dS constructions in string sofar

Conceptual framework
Before we discuss actual constructions of vacuum solutions in string theory it is important to remind ourselves of the conceptual framework of flux compactifications that allows us to compute vacuum energies.
It is standard to construct vacuum solutions, with stabilised moduli, in weakly coupled string theory in the form of 10D supergravity with some leading-order corrections. A minimal set of criteria that guarantees consistency are
• The string coupling g s is stabilised at small values, g s << 1.
• All fields have low gradients in order to suppress derivative corrections.
• Extra dimensions have to be large enough in order to ignore winding states (and again derivative corrections to the effective action).
If one further insists on having a 4D effective description one requires a parametric separation between the size of the extra dimensions L KK and the size of the observable universe L Λ . Note that this is automatically satisfied if the vacuum is Minkowski, but in case of AdS or dS it requires that the cosmological constant is small in M KK units.
The cc is then claimed to be the minimum of the effective potential V (φ) for the moduli φ i that appears in the effective action:
But this begs the question of whether one is computing the bare cc or the actual cc? Naively one could expect that we are computing the bare cc since the potential is a classical potential in 4D, although it incorporates corrections to 10D SUGRA. Actually, following the rules we have set up, the bare cc will be close to the full vacuum energy, even though it would seem unnatural from a QFT point of view, where the quantum contributions are highly sensitive to the UV degrees of freedom, and the natural values for the cc would be of the order of the cut-off scale of the effective field theory. However, we are working in a fine-tuned corner of the moduli space, where the weakly coupled space-time solution is argued to be a good approximation to the full string theory solution. Hence, the computed cc is close to the full answer and there are no extra quantum contributions changing its value. This is why this framework of self-consistent flux compactifications can actually compute true vacuum energies, which is quite a remarkable achievement from a pure field theory viewpoint. In fact the standard lore that matter multiplets backreact on the vacuum energy (by means of loop corrections) is still true and visible in the string theory constructions. Fore instance, imagine having a controlled moduli-stabilisation mechanism that relies on fluxes and leading corrections to the 10D action, such that one ends up with a self-consistent meta-stable dS vacuum. Now imagine trying to "add the standard model" by means of extra branes that wrap certain cycles. This certainly upsets the moduli-stabilisation and one needs to redo the computation, check the new RR tadpole conditions, and compute the backreaction on the moduli. Only in special circumstances can one find a new dS vacuum that is close to the original one. This shows that in string theory, particle physics and cosmology are inseparable, which is ultimately what the cc problem is telling us: the vacuum energy (cosmology) is completely dependent on the details of the UV physics (particle physics). 1 It is likely that the above viewpoint is not shared by all researchers working on this. For instance in [17] one can find a discussion about 1-loop corrections to cosmological constant computed in the KKLT scenario that is argued to be large. This also relates to the conceptual difference between the Bousso-Polchinski (BP) scenario [7] and the KKLT-type scenarios. In BP there is room for a bare cc piece that can come from matter loops. What matters in BP is that on top of this you can add a dense energy spectrum from the fluxes that can cancel the bare cc.
In what follows we overview the dS constructions known in string theory. Whereas in section 3 we discuss the possible issues, assuming at least the conceptual framework is correct. One should keep in mind that there is still a possibility that the above framework is inconsistent from the start and one cannot construct effective field theories from string theory around vacua that are not the original SUSY backgrounds one uses to quantise the string (10D Minkowski, or 4D Minkowski×CY 3 ,...). See [18] for some remarks on this issue.
The reader interested in understanding the details of flux compactifications can consult the reviews [19] [20] [21] [22] [23] [24] [25] [26] .
Classification scheme
In what follows we present a (very) rough sketch of the known methods to construct de Sitter vacua in string theory. Unfortunately there is no review paper on this topic 2 that contains all the relevant references. As there are several hundred papers on the topic we will not attempt to review them all. Instead we present a biased set of references that are selected on the basis of the memory of the authors and what we think were original references, in the sense of being amongst the first to propose a mechanism for dS model building. The number of papers published on this topic strongly depends on ones definition of a dS construction in string theory. Quite some papers are not genuinely top down and often discuss dS vacua in 'stringy-inspired set-ups'. In this paper we aim to review specifically the most top-down constructions.
To bring structure in the jungle of papers on dS constructions, we attempt the following classification scheme. First we can divide the constructions according to the compactness of the extra dimensions. As is well-known since the celebrated Randall-Sundrum paper [28] , extra dimensions can be non-compact if the warping is sufficiently strong and if the gauge theory is somehow confined to live on a 4-dimensional hypersurface (D-brane). Some attempts to find dS solutions in these brane world scenarios can be found in [29] [30] [31] . In what follows we will not discuss this and simply restrict to compact models.
Second, we divide the constructions into critical versus non-critical string theory. Historically the first attempts to construct dS solutions were in fact made in non-critical string theory [32, 33] 3 . The main idea here is that the effective action (in string frame) now gets an extra contribution:
with M s the string mass scale and D c the critical dimension. So when D > D c there is an extra positive contribution to the effective potential, which seems to be rather useful in trying to find de Sitter solutions after compactification. As the authors of [32, 33] mention it seems difficult to understand whether there is truly any perturbative control over these models, so for that reason we will not discuss them any further, although the idea of going beyond criticality should probably be looked at more. The critical models can be further divided into geometric versus non-geometric constructions. The geometric constructions can further be divided into "classical" versus "quantum" solutions. For each of the branches of critical string theory constructions one can further classify depending on where the model is situated in the web of the 5-string theories and 11-dimensional supergravity (M-theory). This classification is pictorially presented in figure 1.
STRINGY de Sitter
Non-critical 
Classical
Perhaps the most obvious manner to construct de Sitter vacua uses 10-dimensional supergravity with fluxes at the two-derivative level. This means we start with a 10D action, which is of the schematic form:
where F p are the rank-p fieldstrengths of 10-dimensional supergravity (for instance odd p in IIB). The scalar potential V that can arise from a compactification then comprises two kinds of terms:
where V f arises from integrating over the curvature of the extra dimensions: 5) and V p is the dimensional reduction of the flux terms
Hence we see that V f is positive (negative) if the internal dimensions are curved negatively (positively), whereas the flux contributions are always positive 4 . Well-known nogo-theorems, such as [35] , imply that this framework cannot give dS vacua if the internal space is static, compact and without singularities. The static condition cannot be broken in any simple way, since vacuum solutions have their moduli stabilised. The compactness might be dropped if the warping is significant enough to create a gapped KK spectrum, as we argued earlier. But the most conservative way out relies on the use of physical singularities, ie localised brane sources, that can be added to the 10D action. This generates extra terms in the 4D scalar potential of the form
where µ is the tension of the brane and g n the determinant of the 10D metric pulled back on the internal submanifold wrapped by the brane. It is not difficult to show that ordinary D-branes do not help in finding dS vacua but negative tension sources, that is orientifold planes, are crucial [36] [37] [38] [39] (see also [40] ) for further nogotheorems with those ingredients). This is not only true for dS spaces, but also for Minkowski vacua (with fluxes) and even AdS vacua if one insists on the KK scale to be parametrically smaller than the AdS length scale [41] .
String theory vacua, build from these ingredients, are conceptually easy to understand. The solution arises as a consequence of a balance of forces: the negatively curved dimensions want to dynamically expand to lower their energy, cycles threated by fluxes also want to expand to lower the flux densities, but then the presence of the sources counteracts these runaways.
Not a single dS solution without a tachyon has ever been found along these lines and it remains an excellent problem to construct one 5 or prove it cannot be done [43] [44] [45] [46] [47] [48] . Most of the work on constructing dS critical points in this setup was carried out in IIA supergravity with O6 sources, see for instance [49, 50] for the first solutions ever constructed and [51] for a review and a large scan of solutions. All these solutions necessarily feature nonzero Romans mass and negatively curved compact space. The O6 configuration tends to be rather involved since it seems that intersecting orientifolds are crucial [47, 48] . The known examples have O6/D6 intersections of the following kind:
where a symbolises a direction of a O6/D6 source. An interesting and not well understood property of these solutions is their scarcity. The typical orientifold compactification with fluxes and negatively curved extra dimensions features various critical points of the scalar potential if sufficient fluxes are turned on. But they are almost always non-SUSY AdS vacua. Typically one requires a very high amount of fine-tuning to find dS critical points and they are consequently far outnumbered by the AdS solutions, see for instance the plots in [52] .
Non-geometric
It is by now well-known [53] that a T-duality chain, starting along a circle threated by NSNS 3-form flux H 3 leads to "metric-flux" and subsequently to non-geometric fluxes, which have no 10D origin that can be found in the action (2.3). Let us follow the notation of [36] and write the metric in 10D string frame as follows
where we ignored the warpfactor because we work in the approximation that the sources are smeared over the extra dimensions. We have explicitly shown the dependence on two universallypresent scalars: ρ and τ . Since ds 2 6 has fixed volume (say 1 in string units), the scalar ρ measures the volume and hence the KK scale. The scalar τ is given 9) and is required in order for ds 2 4 to be in Einstein frame. All ingredients to the scalar potential have universal scalings w.r.t. τ and ρ. For instance the NSNS 3-form flux V 3 and the curvature V f go like
The essence of non-geometric fluxes Q and R is that they come with the following scalings [36] :
which cannot be obtained from the 10D action and turn out very useful in dS model building [36] . At the level of 4D sugra it is not difficult to implement these non-geometric fluxes. Within, say, the context of minimal supergravity it is rather straightforward to add terms to the superpotential that follow from the T-duality chain [53] . This can be done also at the level of extended supergravity, and has provided many of the less understood gauged supergravity theories with a "stringy" origin. In a given duality frame there exist a number of fluxes that can be given a geometric interpretation. This include RR-fluxes, H-fields, and metric fluxes. Other fluxes can not be interpreted in this way. When the duality frame is changed, for instance by performing a T-duality, which connects type IIA and type IIB, geometric and non-geometric fluxes can be interchanged. For a given flux it seems preferable to choose, if possible, a frame in which it has a geometric interpretation. For some combinations of fluxes such a frame does not exist [54] , and the background is inherently non-geometric 6 In this extended framework, with an increased number of free parameters, it turns out to be possible to find metastable dS-vacua. They are scarce, but they exist. Using the N = 1 superpotential of [53] the very first tachyon-free de Sitter vacua were constructed [55, 56] . These models contained only a handful of complex scalars, and one could worry whether tachyons appear once certain twisted moduli were considered. Interestingly stable solutions seem to continue to exist even when more scalars are added [57, 58] (see also [59] [60] [61] ). Nonetheless the scarcity that was seen in the geometric case still persists. Typically the dS vacua hide in very small corners in the landscape of allowed fluxes.
Quantum
The overwhelming majority of de Sitter constructions in the literature are based on classical flux compactifications with orientifold sources [62, 63] but add in "quantum effects" in order to stabilise all the moduli. By "quantum effects" we mean everything beyond 10-dimensional supergravity action at the two-derivative level (including brane sources). Such corrections comprise higher-derivative corrections, string loop corrections, non-perturbative corrections in the string coupling, etc. Clearly this makes those constructions more involved as the exact computation of such corrections is hard.
There are two main motivations for resorting to this difficult corner. On the one hand, the existing de Sitter nogo-theorems suggest that it is already difficult (but not impossible) to find dS at the classical level. Secondly, regardless of the sign of the cosmological constant, quantum corrections are typically necessary to stabilise all moduli.
It is well-known that the nogo-theorems based on classical 10D sugra [35] can be extended to incorporate some quantum effects. Most work on de Sitter nogo's beyond the 10D supergravity (at two-derivative level) has been carried out for heterotic string theory at string-tree level, where the following observations have been made (in chronological order)
1. The classical supergravity equations of motion show that the sub-leading α corrections cannot give rise to dS vacua [64] .
2. This argument was then simplified and extended to the infinite tower of α' corrections in [65] where the authors further remarked that even AdS vacua are forbidden.
3. One could then still wonder whether these results are due to the perturbative approach and maybe non-perturbatively stringy derivative corrections can help. These hopes dissipated after it was shown that a worldsheet analysis is possible implying no dS solutions [66] .
4. The most recent analysis [67] has pushed the techniques of [65] to include even the effects of gaugino condensates and showed that again dS (and AdS) vacua are excluded.
The above nogo theorems apply to the heterotic string, but it is natural to expect that dualities carry this over to other string theories, implying similar difficulties in achieving dS vacua through quantum constructions, although all the dS constructions discussed in the next sections go around the assumptions of the mentioned nogo theorems. Nonetheless, the existing nogo theorems at least show that quantum effects are not the magical ingredients that make dS building work.
IIB string theory
Let us focus the discussion on the best-understood flux models: IIB string theory with 3-form fluxes and sources carrying 3-brane charges (D3/O3, D7/O7), which were pioneered in [62, 63] . These constructions naturally lead to Minkowski vacua at tree-level where a specific set of moduli remains unstabilised by the fluxes. The moduli are then further stabilised when quantum corrections are considered. Whenever 3-form fluxes are present, the F 5 Bianchi identity (equation of motion) leads to the following topological constraint: 12) which is often referred to as the RR tadpole condition and will play an important role in what follows. Here Q 3 is the total amount of 3-brane charges carried by all the sources in the compactification. To derive the Minkowski solutions we will ignore all warping effects and the F 5 field that is generated by the sources. The energy contained in the warping and the F 5 are accounted for by the DBI term. So let us consider the IIB action and isolate the three-form fluxes and the (smeared out) D3/O3 DBI term. The contribution to the scalar potential in four dimensions is
where we assumed that the internal geometry is Ricci flat. If we can find a critical point of the scalar potential, then this assumption was self-consistent. The tadpole constraint, together with the demand that the brane-setup is BPS, allows us to rewrite the DBI contribution:
This implies that the potential becomes a total square:
The ± choice depends on whether the source has charge equal to plus or minus its tension. This can be chosen at will and can be seen as a convention. Since the potential is a sum of squares we know that a vacuum solution exists whenever the squares are zero:
In this paper we take the plus sign convention. This is referred to as the ISD condition, where ISD stands for Imaginary Self Dual, because the complex three form
s H 3 obeys 6 G = iG. The source tension is now necessarily negative since
So there is a net negative tension from orientifolds. The Minkowski vacuum arises from an exact cancellation between the positive energy of the fluxes and the negative tension energy in the sources. These solutions preserve supersymmetry if the internal manifold has maximally SU (3) holonomy (Calabi-Yau) and the G 3 flux has only primitive (2, 1) pieces. Clearly the Minkowski vacuum is a minimum of the potential and the masses of the various scalars are therefore either zero or positive. It turns out that typically one can stabilise all complex structure moduli of the CY space but the Kähler moduli remain unfixed. The latter can be stabilised by the quantum effects.
Before we can introduce the quantum effects we need a few more details about the 4D supergravity description. The scalar potential can be deduced from the following superpotential [68] 18) where Ω 3 is the holomorphic 3-form of the CY space. The form Ω 3 carries all the dependence on the complex structure moduli, whereas the Kähler moduli only appear in the potential via the Kähler potential K (which also depends on the complex structure) via the standard formula 19) with
In what follows the indices α, β run over the Kähler moduli and the indices i, j over the complex structure moduli. One can show that the Kähler potential obeys K αβ ∂ α K∂βK = 3, such that the potential becomes a sum of squares: 20) which is nothing but the earlier sum of squares (2.15) . This potential is called of the no-scale type. It still depends on the Kähler moduli through the dependence in K, but not inside the vacuum since then D i W = 0 and the mass terms for the Kähler moduli vanish. The essence of the KKLT scenario [10] is the use of quantum corrections to the superpotential, which creates a dependence on the Kähler moduli. Well-known non-renormalisation theorems imply that the only corrections to W must be of a non-perturbative nature. KKLT considered for simplicity the case of single Kähler CY spaces, whose complex Kähler modulus we denote T . The non-perturbative corrections can come from either Euclidean D3 instantons that wrap a supersymmetric 4-cycle or from "fractional instantons" that come from a stack of 7-branes that wrap this four-cycle. This stack of 7-branes has a N = 1 SU(N) SYM theory living on it which undergoes gaugino condensation in the IR. This means that the gauge theory has a (leading) superpotential term of the form
where Λ is dynamical scale of the gauge theory. The modulus T appears since it is the effective coupling of the gauge theory. Let us go back to the bulk theory with gravity and look at the case when supersymmetry is broken by a (0, 3) piece in G 3 , such that the on-shell value of W 0 from the fluxes (2.18) does not vanish. Now the assumption is that the superpotential induced by the gauge theory can simply be added to the flux-induced superpotential, such that the result is
where W 0 is now a constant, since we assume the complex structure moduli are integrated out as they have high masses (order string scale). The resulting scalar potential for the imaginary part of T has a supersymmetric AdS minimum, which is sharply peaked and can be at very small values for the energy, if some fine-tuning for W 0 is possible. Note that the imaginary part of T is a function of the volume of the internal space, so this procedure stabilises the overall volume. Self-consistency implies that this volume must be parametrically larger than the string scale, otherwise derivative corrections might spoil the consistency. At the same time this guarantees that higher instanton corrections are consistently sub-dominant. It is of importance to pause here before we get to de Sitter. What we described sofar is quite non-trivial: this procedure achieves a vacuum with full moduli-stabilisation and at the same time a parametric difference between the length-scale of the observable dimensions (the AdS length) and the non-observable ones (the KK-scale)
This means that the vacuum is perceived as genuinely four-dimensional to an observer at low energies. This is a striking achievement since prior to this construction it was unclear whether string theory had any calculable vacua satisfying the two most important phenomenological constraints of moduli-stabilisation and scale separation. Note that Freund-Rubin solutions like AdS 4 × S 7 (in 11D supergravity) have moduli-stabilisation but not scale separation, such that they cannot be seen as 4D vacua and they are hence useless to phenomenology (but highly valuable to holography).
KKLT went further and suggested an explicit way to turn this supersymmetric AdS vacuum into a de Sitter vacuum, by adding anti-D3 branes [10] . Anti-D3 branes, in this context, mean D3 branes with a charge density that has the opposite orientation to the six-form H 3 ∧ F 3 . In contrast with D3 branes, anti-D3 branes break supersymmetry of the background and add positive energy 24) where exp(A) is the warpfactor in front of the 4D metric ds The warpfactor dependence will turn out crucial as explained below. The uplift energy (2.24) equals twice the DBI action of the D3-brane. The factor of 2 can be traced back to the fact that the D3 leads to two sources for positive energy: the tension of the anti-brane itself, equal to µ exp(4A), and an increase in 3-form fluxes to cancel the tadpole. Also this energy is equal to µ exp(4A), which can be derived along the previous reasonings we made 7 . The claim of KKLT is now that this lifts the AdS vacuum to a meta-stable dS vacuum if the D3 tension term is tuned properly. This rests on three observations. 1. The dependence of the D3 tension on the Kähler modulus is polynomial, whereas the instanton-generated AdS potential was sharply peaked due to the exponential dependence.
Hence the anti-brane tension term is almost constant for small excursions around the AdS minimum, such that it effectively adds a constant. In particular it does not create a tachyonic direction in the Kähler or complex structure moduli.
2. The above can only be consistent when the uplift term is not too big, otherwise the local minimum is not only lost, but also the compactification will not be under control due to backreaction effects. Luckily, one can argue that warped Calabi-Yau solutions with threeform fluxes have local throat regions. Such regions can for instance look like the well-known Klebanov-Strassler throat solution [70] . The D3 feels a force towards the minimum of the throat where exp(A) is minimized. This implies that the typical string scale energy of a D3 will be dynamically warped down to tunable small values. Hence the supersymmetry breaking ingredient is argued to be tunably small, which is required for a successful uplift.
3. The D3 branes, despite breaking supersymmetry and carrying charges opposite to the fluxes, will not annihilate immediately with the background fluxes. When the D3 charge is sufficiently small one can use a probe argument to show there is a classical barrier against brane-flux annihilation [71] . This means that also the open-string sector is (meta-)stable.
This establishes the KKLT dS minimum. It is however far from a unique construction in this setup. Let us mention some ideas that can be considered as variations upon the same conceptual theme. First of all there are different ways to stabilise the moduli of the no-scale Minkowski solutions. Most notably there is the Large Volume Scenario (LVS) [72] . The LVS scenario uses that there is a non-SUSY AdS vacuum that can be found when considering the leading α correction to the Kähler potential. It is believed that this vacuum is self-consistent and safe from further corrections to the effective action. The virtue of this vacuum, with respect to the KKLT AdS vacuum, is that the volume is typically much larger pushing the solution into a regime where corrections are under better control. To turn the LVS solution into a dS vacuum one can attempt anti-brane uplifting, in case warped throats are available.
Instead of considering different corners of string theory with stabilised moduli one can consider different methods to uplift AdS vacua. For instance, instead of the energy carried by D3-branes, one can consider energy from SUSY-breaking in a hidden sector [73] , which would effectively be an F-term uplifting. There is also a notion of D-term uplifting [74] [75] [76] with D-terms generated by magnetised 7-branes but this can be subtle [77, 78] .
An alternative method to uplift uses the AISD components of the 3-form fluxes since these would add positive energy and have a similar powerlaw dependence on the volume modulus [79] . For this to work there have to be local minima of the complex structure moduli which are not making the fluxes ISD. This was argued to be possible [79] . Morally this is not too different from anti-brane uplifting since one can think of AISD fluxes as dissolved anti-branes. However one cannot rely on warped throats to redshift the uplift energy, instead and one can hope that the large flux numbers can make the non-ISD minima parametrically small, in order that a successful uplift can be achieved. We refer to [80] for the state-of-the-art of flux-induced F-term uplifting.
In the last 10 years many more de Sitter constructions in IIB have appeared and it is difficult to do justice to all. Let us simply summarize them as follows: these constructions can be seen as moduli-stabilisation scenario's based on the GKP solutions. By constructing an effective potential as the sum of the tree-level GKP piece and all other corrections (string loops, instantons, gaugino condensation, α -corrections) these papers claim to achieve self-consistent vacua. This means that these vacua are on specific positions in moduli space for which one can argue that all other, ignored, corrections are subleading. See [81] [82] [83] [84] [85] [86] [87] [88] [89] for an incomplete list. General conditions on the perturbative stability for such solutions, implied by the sgoldstino, were analysed in [90, 91] and provide interesting constraints on model building.
Other string theories
Surprisingly much less research went into the study of dS vacua from corrections to the 10D SUGRA actions of string theories different from IIB. One would expect that the natural starting place are the classical Minkowski vacua from IIA orientifolds that one can engineer by T-dualising the IIB orientifolds 8 [20, [92] [93] [94] [95] . Then one could for instance mimic the KKLT/LVS constructions, but using IIA ingredients. To our knowledge this has been tried only once [96] .
Instead some investigations have started directly with quantum corrections to the effective action, assuming some classical flux mechanism would stabilise many other fields in an AdS vacuum and observe that the right kind of instantons exist to possibly "uplift' the AdS vacua [97, 98] .
We already mentioned that IIA string theory is a more natural environment to study modulistabilisation, since it is suggested that moduli-stabilisation can even be achieved at the classical level in (SUSY) AdS vacua [99, 100] . One drawback of these constructions is that the backreaction of the intersecting O6 planes, required for consistency, is not understood away from the smeared limit [101] . But since these vacua are already at the classical level fully stabilised it cannot be that quantum corrections can provide a lift, neither does any other controllable uplift source exists that could turn these AdS vacua into dS vacua [102] .
In case of the heterotic string theories, the results are again scarce. For instance in [103] some explicit heterotic orbifold models were tried with potentials generated by various quantum effects. This was enough to stabilise all moduli but no meta-stable dS vacua were found. More succesfull claims can be found in [104] which studies smooth Calabi-Yau compactifications of the heterotic string with all possible ingredients (incl fractional fluxes [105] ).
They all have problems?
The zoo of dS constructions that we briefly outlined in the previous section, can be further subdivided into vacua for which SUSY is broken at (above) the KK scale or far below. This is relevant when discussing how trustworthy a construction is. When SUSY is broken well below the KK scale, one could justify a lower-dimensional effective field description that is a supergravity theory where the dS vacuum breaks supersymmetry spontaneously. This constrains the effective action much stronger compared to models that break SUSY at or above the KK scale. We will not discuss this in any detail further on, so let us mention here that the classical vacua typically break SUSY at the KK scale, whereas the "quantum IIB vacua", where SUSY is broken by anti-branes for instance should have SUSY broken below the KK scale.
Classical
To date there is not a single 4d classical de Sitter solution known that is free of tachyons. The most extensive scan of models [51] (order 1000) always gave at least one tachyon among 7 real scalars. There is a simple argument to understand why this is the case [44] . Of all ingredients contributing to the scalar potential, the orientifold tension is the manifest negative term. The size of that term depends on the size of the cycle(s) wrapped by the orientifolds. Hence, in a given critical point of the potential, it is very plausible that a slight increase of the cycle volume lowers the energy, signaling a tachyonic direction. However, for this argument to be fully waterproof one must be certain that the dependence of the other terms on the cycle-volume is less strong than the orientifold tension term. While this is not true parametrically, the argument seems to work in the sense that indeed all models have a significant fraction of the tachyonic field direction along the orientifold volume [44] .
Further investigations of this matter [45, 46] have tightened the constraints on stability further, but a full proof that classical dS are always be tachyonic is not (yet) found. Unless one suspects there to be some conspiracy against the existence of dS solutions, one could try to argue that the tachyons are a consequence of statistics of random multi-variable functions. It is a simple fact that the number of local minima is exponentially suppressed by the number of variables (scalar fields) [43, [106] [107] [108] .
A further technical problem with the classical solutions is the smearing of the O6 sources. The smeared approximation allows one to verify that the critical point of the 4D potential solves the 10D equations of motion [38, 52, 101] . The problem is not that the solutions can only exist when the sources are smeared, rather it is not understood how to find solutions with fully localised sources (when they are intersecting). This problem is related but not identical to the understanding of how to include the warping into the effective field theory. Smearing orientifold sources might seem dramatic, but it does not need to be. One simply course grains over length scales of the extra dimensions: the backreaction of the sources is taken into account in an averaged sense where the delta-function sources are replaced with smooth form distributions.
At least for the known orientifold flux compactifications of the no-scale Minkowski type, the smeared limit and its comparison to the localised solution is well understood [94] . Nonetheless this procedure has been criticized, especially when one smears over negatively curved extra dimensions [109] . It is the authors opinion that this criticism is in part incorrect since many examples with localised solutions, that have a well-defined smeared limit exists, also with negatively curved dimensions [94] . We do not imply that smearing is therefore harmless. One obvious problem that arises with smearing is that it can wipe out instabilities that otherwise are fatal. Imagine a non-BPS brane setup, like a brane-anti-brane pair. Clearly one cannot smear this since it create effectively a brane without charge that is seemingly stable, whereas it is not. Any instability that would manifest itself by some motion inside the extra dimension would be inconsistently course-grained over. However, whenever the smeared source is still calibrated one could expect the smearing to be consistent and this is the case with the intersecting O6 planes that have been used in the IIA models.
Yet another worry, not unrelated to smearing sources, is the use of a 4D effective supergravity description because supersymmetry is broken by the combination fluxes and sources such that the supersymmetry-breaking scale can easily be at or even above the KK scale. This is not a problem per se for establishing the existence of a de Sitter solution since most models used consistent truncations (at least in the presence of smeared sources), but it is problematic for understanding the stability of the light degrees of freedom.
Other more stringy worries, such as the understanding of O6 planes in the presence of Romans mass, have been raised [110] as well.
In summary, the most-pressing problem of classical dS vacua is the presence of tachyons and the use of four-dimensional supergravity as an effective description.
Non-geometric
Non-geometric fluxes are usually considered as dangerous ingredients whose consistent use in 4D supergravity is not fully understood. One could hope that vacua that fail to be locally geometric, including existing cases with metastable dS, could still be captured by certain 4D supergravities. Those supergravities should describe both string momentum and string winding modes. Therefore some of the extra dimensions must be close to the self-dual radius in order for winding modes and momentum modes to be relevant at low energies at the same time. This immediately raises a puzzle since it violates one of the assumptions we made before (large enough dimensions). Therefore it is natural to expect that full-blown string theory becomes necessary to understand such backgrounds and, secondly, there can be an infinite KK tower that does not decouple. This is a severe point that we have not seen fully addressed in the literature, although some progress towards understanding supergravities from non-geometric fluxes using worldsheet techniques has been reported in [111, 112] .
But one should be careful in what is called geometric and what is not. Among the genuinely non-geometric vacua -meaning that they are not on some T-duality orbit of a geometric vacuum -one needs to distinguish between those that are locally geometric and those that are not. In the language of double field theory, where separate coordinates are introduced for momentum and winding modes, locally geometric theories admit a description where the fields depend on only half of the coordinates [113] . In this way one regains a geometric description, even though there are no global dualities that map the theory onto one with only geometric fluxes. Sometimes such theories can be understood as arising from compactifications on non-trivial topologies, with M-theory compactified on an orbifold 9 of S 7 as the most well known example. We know consider the STU-truncations of the supergravity actions for M-theory compactified on a (orbifolded) 7-dimensional twisted torus. The fluxes that are geometric contribute to the effective superpotential as follows:
Here a 0 corresponds to the F 7 flux, b 0 , c 0 and a 1 to the F 4 flux, while the remaining terms come from the curvature of the compact dimensions (sometimes called metric flux). Non-geometric fluxes would correspond to terms that are cubic terms, and higher, in the scalars S, T and U .
As observed in [115] , the T 2 -and ST -terms correspond to non-geometric fluxes in type IIA, but become geometric when uplifted to M-theory. Reversely, the Romans mass, U 3 , which is geometric in type IIA, fails to be geometric in 11 dimensions. As reviewed in [116] , the superpotential for M-theory on an (orbifold of) S 7 is given by
which lies on a different duality orbit from W T 7 of the twisted tori. The fact that these fluxes formally appear to be non-geometric, is just a consequence of forcing a theory with non-trivial topology, i.e. S 7 , onto a twisted tori. In [116] it is shown that type IIA with Q-flux generates compactifications on S 4 × T 3 , while in [117] it is argued that type IIB with P-and Q-flux gives rise to S 3 × S 3 . Unfortunately, none of the examples with metastable dS-vacua found seem to be locally geometric, and consequently they lack a geometric reinterpretation of this kind. On the other hand, there is no proof that such examples can not exist.
It is interesting to note that many dS-vacua obtained using non-perturbative additions, such as P (S, U )e αiT , with P (S, U ) a polynomial, can be captured using non-geometric fluxes [118] . The non-perturbative features will be different, but local properties such as the existence of a critical point, as well as moduli masses, can be fitted, since these depend only on the first couple of orders in an expansion. In this way, non-perturbative vacua and vacua based on non-geometric fluxes are, for practical purposes, phenomenologically equivalent. Similarly, our knowledge of what actually makes sense or not is, as we have argued, at about the same level. This leads us to conclude that we are dealing with no more than two different ways of parametrizing our ignorance.
Quantum
The difficulty with de Sitter constructions that rely on (quantum) corrections to the tree-level 10-dimensional supergravity description is twofold. On the one hand, it is difficult to explicitly compute derivative corrections, string loop corrections and non-perturbative corrections. On the other hand, even if these can be computed, it is difficult to understand when the corrections are relevant and how the tower of corrections can be truncated self-consistently. In other words, we face the well-known physics slogan [22] : when corrections are important they cannot be computed and when they can be computed they tend to be not so important. The art of dS model building (or moduli-stabilisation in general) consists in finding the delicate balance of incorporating certain leading quantum corrections and ignoring the rest.
Despite these difficulties, this method of moduli stabilisation has been given most attention. The reasons for that are most likely due to the common belief that evading the nogo-theorems [35] is most easily done using quantum corrections, although negative tension objects (orientifolds) are sufficient. Another reason is probably that, when relying on 3-form flux compactifications of IIB, one can keep on using (conformal) Calabi-Yau geometries, for which many tools are available and a good understanding of the moduli has been achieved.
We now highlight 3 problems with the IIB constructions that have been pointed out in the recent literature: 1) Issues with anti-brane backreaction on the internal geometry [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] , 2) issues with anti-brane backreaction on the 4D moduli, which was found recently by Moritz, Retolaza, and Westphal [131] and 3) issues with very basic assumptions of the modulistabilisation scenario as discussed by Sethi [132] .
Anti-brane backreaction inside extra dimensions
Since 2009, with the work of [119] (and [133] ), there has been an extended debate about the consistency of the probe approximation used for describing the uplift-effect of D3-branes. We briefly summarize this debate here, postponing a genuine review (with proper referencing) to a future work [134] .
The use of the probe approximation means that the uplift energy and perturbative stability is computed from the worldvolume action of the D3-branes evaluated in a background that is unaffected by the presence of these branes. Going beyond that approximation would imply a study of the back-reaction on the local throat geometry. This is a daunting task given that explicit (compact) CY metrics are not even known, let alone finding solutions once SUSY is broken by D3-branes. A possible approach to study the effects of backreaction could be to set-up an effective field theory description allowing for a perturbative series expansion, with as leading order term the probe approximation. Some initial steps were described in [127] , whereas a systematic procedure should probably be carried out in the framework of the blackfold approach [135, 136] .
Instead, most studies sofar have made certain simplifications in order to solve the supergravity equations of motion. The study of the resulting solutions should give qualitative and quantitive insights on the effects of backreacting D3-branes. These simplifications were:
• To study D3-branes in non-compact geometries with explicit metrics. The canonical choice is then the Klebanov-Strassler solution, which serves as a good approximation to throats in compact CY spaces [63] . Working non-compactly also implies one does not need to worry about moduli-stabilisation and one can simply study D3-branes inside the throat without having to worry about the runaway of the volume modulus in absence of the quantum corrections (since we use 10D supergravity). This non-compact set-up is of separate interest to holography, where D3-branes inside the KS throat were argued to be dual to dynamical supersymmetry breaking in the KS gauge theory [71, [137] [138] [139] , on the condition that the D3-branes are at least meta-stable.
• One can then further smear the D3-branes over a compact subspace of the throat (the A-cycle). The effect of this is that the resulting supergravity equations of motion become coupled ODE's, which is a great simplification.
• One can linearize the resulting ODE's by setting up a perturbative expansion in terms of the SUSY-breaking "order-parameter" p, which counts the D3 charge.
The resulting system of equations was impressively solved in [119] and follow-up papers. The source of the debate/worry about KKLT stability came from the observation in [119] that the solution, within the approximations made, contains an unphysical singularity near the D3 at the tip of the throat geometry. This singularity is not the standard Coulomb-like singularity in the F 5 field or metric, but instead it is a singularity in the 3-form fluxes F 3 , H 3 that deviate in a singular way from the original ISD configuration. Such a singularity was argued to induce a perturbative instability that makes the D3 branes annihilate against the surrounding 3-form fluxes [124, 126] . It is therefore crucial to understand whether the effect could be a consequence of the approximations made, as suggested in [26, 140] . This was shown not to be the case in [125] (and [141] ). Hence a natural question is then whether the singularity is somehow an artefact of using supergravity instead of full string theory. This was indeed argued for a single D3 brane [127, 142] . However, things do not need to be too complicated and supergravity can be smart enough: reference [129] (and [130] ) demonstrated that the singularity can be removed once the D3 brane is replaced by a spherical NS5/D5 with non-zero worldvolume flux, exactly as predicted to happen in the probe approximation [71] . This effect is known as brane polarisation or the Myers effect [143] . Let us briefly outline the computation behind this result as it can be understood in a rather straightforward way.
Similar to Smarr relations for black holes, there exist Smarr relations for branes in flux backgrounds. For the case at hand, D3-branes in KS, one can derive the following relation (at zero temperature) [129] :
where Q D3 is the D3-charge and Q N S5 the dipole NS5 charge in the system. The potentials Φ D3 /Φ N S5 are the components of the C 4 /B 6 potential along the D3/NS5 horizons. Finally M is the generalised ADM mass of the space-time, which measures the energy with respect to the SUSY KS vacuum and was first computed in [140] using the UV asymptotics of the "Saclay solution" [119] . The key property of this equation is that it relates information measured in the UV, namely the ADM mass, to information in the deep IR, namely the potentials at the brane horizons. The way this equation helps in understanding the existence of singularities comes from one extra identity that can be derived [129] :
where this equation needs to be used in the IR near the anti-branes, where e A → 0. Hence this clearly shows that the three-form fluxes will diverge unless Φ D3 = 0. This is sufficient to understand the presence of divergences because all supergravity solutions that were considered in the literature did not take into account the polarisation into 5-branes. In other words, all papers used Q N S5 = 0. But clearly, the Smarr relation (3.3) then informs us that the only way to have positive energy from SUSY-breaking is by having Φ D3 = 0, which causes the singular flux via (3.4) . Once the supergravity Ansatze allow for dipole charge one can consistently take Φ D3 = 0 and divergences should be avoidable. Note that this is entirely expected from the probe result [71] , where it was shown that a pure D3 is perturbatively unstable against decay into NS5 shells. Hence a consistent (ie regular) sugra solution should have dipole charge.
This however does not settle the story. Perhaps the singularity was a red herring 10 , but it led researchers to start digging in the right spot. For instance, the 3-form fluxes do not become singular near the branes anymore, but they are still expected to "clump", because they carry opposite charges with respect to the branes. Hence if this clumping is too high instabilities can still occur. Other potential sources of instabilities are reported in [122, 123, 144, 145] , although the instabilities of [122, 123, 144] remain difficult to interpret in our opinion since they cannot be seen as brane-flux decay. Therefore it is not clear whether they are truly harmful and maybe they simply correspond to the brane-shells having to reposition inside the deep throat [127] .
Finally, there exists a worrying interpretation of the Smarr relation (3.3), explained in [128] , which states that the total energy equals the on-shell probe brane actions [125, 146] . In our case, the right hand side of (3.3) equals exactly the on-shell Wess-Zumino term since the DBI term is absent. This is worrying because NS5-stability is obtained by letting the DBI forces compete with the WZ forces and exactly in the case of the instabilities conjectured in [124, 126] would one find that the DBI forces redshift away compared with the WZ forces.
Different evidence pointing to the fact that D3-backreaction can be unexpectedly large can be found from the effect on the 4D moduli as described in the next section. Typically the concept of backreaction is best seperated into 4D backreaction, which means the effect of the brane on the 4D scalars (how much they shift after the uplift) and 6D backreaction, what we just described. However, once the effects of 6D backreaction are properly integrated over, it should translate into 4D backreaction.
Anti-brane backreaction on the moduli
Let us set aside the worries about the stability of the D3 branes and their local backreaction in the KS throat. So we step away from non-compact throats where gravity decouples. Once M pl is finite we have to consider the possibility that there is an interplay between the gaugino condensates that stabilises the volume and the SUSY-breaking. If such an interplay would be non-negligible then it could be that the 4D scalar potential is not simply the addition of the anti-brane tension (times two) to the original potential. This was the 4D interpretation of a 10D computation carried out recently in [131] . This 10D computation revealed that a single gaugino condensate together with D3-branes cannot lead to dS vacua, thereby contradicting the original KKLT paper [10] .
This 10D computation can roughly be summarized as follows. Using the assumption, well-motivated in [147] [148] [149] , that the gaugino condensate can be described at the 10D level by including the fermion bilinears in the D7 probe action [150] :
16π 2 G 3 ∧ 10 Ω + c.c. , (3.5) then a computation of the kind done in the original GKP paper [63] results in:
We used the following short-hand notations:
and ∆ gaugino is the contribution coming from the fermion bilinears. The term on the LHS integrates to zero on a compact manifold. This means that the RHS also must vanish. In the absence of a gaugino condensate we find the Minkowski vacuum for which R 4 = 0, Φ − = 0 and G The essential observation of [131] is that the addition of D3-branes adds a manifestly positive term 2N D3 µ 3 δ to the right-hand side of equation (3.6) . Then one again arrives at the conclusion that R 4 < 0 since the positive contribution of the first three-terms did not change too much (and certainly did not change sign).
The 4D interpretation of this remarkable result, presented in [131] 11 , is that indeed the D3 energy does not simply "add" to the energy of the SUSY background once we are in a compact set-up. The reason is the backreaction of the D3-branes on the moduli-positions. Given the importance of this result it would be relevant to add further evidence to the 10D computations done in [131] and to its 4D interpretation.
Interestingly a loophole was suggested in [131] : if one would use several gaugino condensates, say from seperated stacks of D7 branes, then there exists a fine-tuning that could evade the above reasoning. This fine-tuning is nothing but the well-known racetrack fine-tuning first discussed in [152, 153] and more recently in [154] in the context of KKLT flux compactifications.
Racetrack superpotentials are of the form: 8) and allow a fine-tuning of the coefficients A, B, a, b such that the SUSY AdS vacuum prior to uplift is arbitrary close to Minkowski, while preserving finite masses for the T modulus. After this fine-tuning, sufficiently small SUSY-breaking effects necessarily lead to dS vacua.
Although consistency of the racetrack models has been questioned from a pure field theory point of view [155] , they have been very popular in the (string-)pheno literature. Given the difficulty to prove or disprove the consistency of the racetrack superpotential and its fine-tuning, it might be more rewarding to investigate whether the racetrack fine-tuning violates some general principle which is hold dear. This indeed seems to be the case since the racetrack fine-tuning can easily be shown to violate the (strong form) of the Weak Gravity Conjecture extended to instantons [151] . So either the WGC does not hold or the racetrack fine-tuning is inconsistent. Given the success of the WGC we expect the latter.
It is quite interesting that the inconsistency of an effective field theory becomes manifest when coupled to gravity (ie when combined with moduli stabilisation). But it is not clear whether the inconsistency already occurs at the level of the field theory, or only when coupled to gravity. In other words, it could be that there does not exists a compact manifold that allows two stacks of D7 branes at finite distances that undergo gaugino condensation and at the same time is stabilised with fluxes. Alternatively it can be that this set-up can be realised but that the effective superpotential is not of the racetrack type, ie, the inconsistency already arises at the gauge theory level, prior to the coupling to gravity.
Finally, for general worries about the validity of an effective field theory description of antibrane uplifting we refer to [156] .
Issues with non-SUSY GKP solutions?
Motivated by the nogo results for dS vacua in heterotic string theory, Sethi studied the IIB dS constructions in [132] , trying to understand why they would not be subject to similar constraints that arise from various dualitities with the heterotic theories. The outcome of this investigation is the claim that the IIB constructions are suffering a possibly severe problem.
The rough argument proceeds as follows. The IIB constructions use moduli-stabilisation mechanisms that lean on the classical IIB "GKP" solutions which break SUSY at the level of 10D SUGRA by having (0,3) pieces in G leading to a non-zero value for the flux superpotential W 0 = 0. But once SUSY is broken by fluxes one could worry about the tower of derivative corrections to the 10D action 12 . The difference with the SUSY solutions [62] is that the latter are expected to survive derivative corrections due to "magical" cancellations that are not shared by non-SUSY solutions. Hence there should be classical higher derivative forces on the moduli coming from these corrections such that there is no Minkowski solution in the derivative corrected supergravity theory. If that is true, it becomes puzzling how one can add non-perturbative corrections on top of a runaway potential in such a way that moduli are stabilised. In other words, the classical background that one is correcting with quantum corrections is some moduli-rolling, time-dependent cosmological space-time. It is then unclear whether instanton corrections and loop corrections are understood.
It could be surprising that a quantum correction is strong enough to stabilise a classical runaway direction. Although it was not stressed in [132] all the arguments seem to apply as well to the AdS vacua prior to uplifting. Since the latter can be supersymmetric, it seems an easier task to investigate further the objections of [132] in that context.
What now?
We attempted to present a bird's eye view on the dS constructions in string theory and their associated problems. We have focused on particular cases in more detail, such as D3-brane uplifting in IIB warped throats and classical dS constructions, because these can be studied more from a top-down point of view. In contrast, it is very hard to establish the consistency of dS vacua entirely from an F-term potential that originates from fluxes and (non-) perturbative quantum effects.
From this analysis we conclude that string theory has not made much progress on the problem of the cosmological constant during the last 15 years. There is a general agreement that the presence of dark energy should be an important clue to new physics. So far, string theory has not been up to the challenge. Or to be more precise, string theorists have not been up to the challenge.
The well-motivated introduction of the anthropic principle and the multiverse, was a big relief. The mathematical standards were lowered, and unconstrained model building could set in exploring a wild and free landscape of infinite possibilities. But beyond this suggestive connection between a possible multiverse and the rich mathematical structures of string theory not much solid results have been achieved. We reviewed some fraction of the mounting evidence that most, if not all of this landscape, is a swampland and we refer to [16, 18, 157] for similar lines of thought.
We believe it makes more sense to listen to what string theory is trying to tell us, then to try to get out of the theory what one would like to have. In recent years, especially with the program of the Swampland [16, [158] [159] [160] , there is luckily a growing community that embraces this idea. Perhaps this program really already made its first prediction: no measurable tensor modes in the CMB.
From what we have seen sofar, we believe that the most sensible attitude is to accept there are no dS vacua at all because string theory conspires against dS vacua. To disprove this claim requires a single dS construction that is explicit enough for it to be scrutinized to death. Hence, for dS model builders, it might prove much more useful to look for such an example. This example should not obey any interesting phenomenological constraint. It can for instance be a 7-dimensional dS universe with compact dimensions of the same size as the dS length, if that is what it takes to make the example simple enough. Clearly, it should be easier to find something like that, than a dS vacuum that has phenomenological features. In any case, if such an example is to be found, it should be of interest to dS/CFT model builders.
It is not unthinkable that dS space is simply a space that cannot exist quantum mechanically.
Just like the Schwarzschild solution is only a static solution at the classical level because of Hawking radiation, similarly dS space might be a self-destroying manifold such that the dS isometries are broken at quantum level. This has been claimed before in several papers that study QFT in curved space [161] [162] [163] [164] [165] [166] [167] [168] and if those papers are correct, then doing a proper string computation should reveal that dS vacua cannot exist.
What about dark energy?
If indeed metastable de Sitter vacua of sufficient life time cannot be found in string theory, there are a number of possible interpretations for actual cosmology. It could be that string theory is simply wrong, as a theory of our universe, or at least incomplete, as it fails it first experimental test. Another possibility is that we have misinterpreted the observations, and that no long term acceleration is actually taking place. There may also be other possibilities where string theory is made compatible with observations in a more subtle way. For instance, our constraints on how the dark energy is varying over time is not so strong and a quintessence-like scenario [169] cannot be excluded. Still, quintessence is not only notoriously difficult on its own because of the existence of a light scalar, but it is also not easy to find stringy embeddings [170] . In fact, if there is a conspiracy against de Sitter vacua in string theory, it is not unreasonable that the aversion extends to more general slow roll scenarios. Yet another possibility is that the decay of vacuum energy is not due to scalar field dynamics, but rather intrinsic IR quantum effects [162] [163] [164] as mentioned before. Yet another option is that there is no dark energy and we observe the effects of spatial inhomogeneities [171] [172] [173] .
Alternative constructions, circumventing some of the problems we have discussed, include brane world scenarios. Such higher dimensional implementations can also be given a holographic interpretation, where the presence of gravity, as well as a cosmological constant, are associated with RG-flows [174] . More generally, one could envision models where, contrary to popular assumptions, the quantum effects separating the bare cosmological constant from the one measured at large scales are strong. We find it important that effort is spent on investigating these other exciting, and conceptually challenging, possibilities.
What about the AdS landscape?
Perhaps a more modest goal is to first achieve full control over AdS vacua with stabilised moduli and parametric separation between the KK and Hubble scale, before addressing dS vacua. Since the majority of the claimed dS vacua rests anyhow on small supersymmetry-breaking corrections to this AdS landscape, it is equally relevant for addressing dS vacua.
It is often thought that an AdS landscape in string theory has been established long time ago, but this is not correct. It is true that Freund-Rubin vacua are easily found and come in infinite discrete families, but we use the word AdS landcape in a different way. We let it refer to the set of AdS vacua that have a small cosmological constants when measured in KK units: L Λ /L KK >> 1.
As we emphasized earlier, this is a necessary condition for a vacuum to be perceived as lowerdimensional and is the most obvious constraint any phenomenological vacuum should obey. But as stressed before, a vacuum with a separation of scales between the KK scale and the AdS scale is by definition a vacuum with an "unnaturally" small cc since the KK scale is a scale of new physics. Hence it is quite a non-trivial achievement, from a field theory viewpoint, to establish the full consistency of such vacua. It should therefore not come as a surprise that this is not easy either in string theory. . Interestingly, the same nogo-theorems (ie Maldacena-Nunez [35] ) that can be used to exclude dS vacua can be extended to exclude AdS vacua with scale separation [41] . This means that at least orientifold planes are needed to find an AdS landscape. It is fair to say that, similarly to dS solutions, it is hard to establish rigorously the existence of such vacua. Perhaps the simplest set of vacua are the "classical AdS" (supersymmetric) vacua in massive IIA with intersecting O6 planes [100] (see also [99] ). It is the only set of vacua 13 known to us, where there is a flux number n (4-form flux quantum), that is unconstrained by tadpole conditions, that leads to arbitrary strong scale separation and weak coupling in the limit n → ∞. If these classical AdS vacua in IIA are truly consistent then this forms a class of solutions for which the density of vacua diverges for arbitrary small cc in KK units (by cranking up the number n).
But as we mentioned before, some doubts about the consistency of these vacua has been raised [110, 177] (for instance because of the smeared orientifolds) and it would be most interesting to investigate the consistency of these vacua further. The lack of an 11-dimensional picture, due to the Romans mass, complicates matters.
Perhaps the most interesting way to check the consistency of an AdS landscape would be to first prove the existence of a CFT landscape with the right properties such that the CFT's are candidate duals to AdS vacua with scale separation [178, 179] . This is an open avenue for research, and given the recent progress in understanding the spaces of consistent CFT's one can be hopeful.
A general criticism applicable to many vacua obtained from supergravity, is that they do not include open string degrees of freedom. When such modes are added, the rules of the game change and crucial properties of non-supersymmetric AdS vacua are altered in a fundamental way. The AdS 7 and AdS 4 vacua discussed in [180, 181] , are not only perturbatively, but even non-perturbatively stable in the closed string sector. (For related results, see [182] .) However, when open string modes are added, things change as the critical points develop new, tachyonic directions. This is all intimately related to the WGC. The conjecture asserts, roughly, that in any consistent theory of quantum gravity coupled to a U (1)-field, there exists a particle of mass m and charge q such that m ≤ qM P l , where M P l is the Planck mass. This makes it possible for any extremal black hole to discharge itself and Hawking radiate away, hence there will be no stable remnants. In [183] the WGC was studied in a more general setting, with branes rather than black holes, and it was proposed that it was not enough to saturate the equality, i.e. extremality, to guarantee stability. Only BPS branes are expected to be stable, implying hat any nonsupersymmetric AdS obtained as a near horizon geometry would inherit the same instability. As discussed in [184] , there is another interesting way to argue in favor of the instability of any AdS based on near horizon geometries. An observer intending to survive more than the characteristic time scale of AdS, must necessarily pass through the wormholes connecting one universe to another. This happens once for every geodesic oscillation in static AdS coordinates. It is well known that these wormholes are fragile objects likely to rapidly close up unless the matter theory is supersymmetric.
To summarize, in many supergravity truncations without string theory, there are hints that any perturbatively stable AdS vacuum is non-perturbatively stable. On the other hand, adding branes and strings, there is some evidence that non-supersymmetric vacua develop open string instabilities. If the open string sector tend to destabilize non-supersymmetric AdS vacua, possibly in a dramatic way, the situation is hardly expected to be any better for dS-space.
In any case perhaps the best one can expect of non-SUSY AdS vacua in string theory is that they can be meta-stable but not fully stable [183] , because there is no symmetry preventing the decay. But meta-stable vacua should not have holographic duals. If they would, then the CFT should posses a time-scale related to the average life-time of the AdS space, which contradicts the conformal symmetry. This can be seen in a more direct way [185] : the probability to observe decay, ie local bubbles of true vacuum, becomes unity towards the boundary. If all of this is correct then one should worry about dS/CFT [186] [187] [188] even more.
What about dS/CFT?
It is commonly accepted that dS vacua in string theory can be at best meta-stable [189] , hence one would expect that similar to AdS, there are no holographic descriptions of dS space. In this paper we have been more radical and suggested, like [16] , that even meta-stable dS vacua are in the swampland. Then a dS/CFT duality in the strict sense would certainly be meaningless in a string theory context. 14 Nonetheless explicit dS/CFT proposals do exist [192, 193] , but they are all formulated within Vasiliev gravity. Vasiliev gravity is unfortunately very different from Einstein gravity. For instance, it has no tower of massive fields and hence evades the problem of imaginary operator weights of the putative CFT dual. Also very peculiar to Vasiliev gravity is that it can be supersymmetrized in dS space [194] , in such a way that one potentially goes around the usual problems [195, 196] associated with supersymmetric dS space. Strong indications for this were recently found in [197] . Hence, much like the Ooguri-Vafa ideas for AdS space, it could be that the success of formulating dS/CFT pairs for Vasiliev gravity is due to the existence of a consistent supersymmetric extension that makes dS space fully stable.
Is this completely disconnected from string theory? Perhaps not. Vasiliev gravity is thought to be the zero-tension limit of string theory, the opposite to the supergravity limit [198, 199] . Interestingly, Hull suggested some time ago that there could be exotic string theories with supersymmetric dS vacua, which can be obtained fom time-like T-duality from the ordinary string theories [200] . Not surprisingly the 10D supergravity description contains field with wrong sign kinetic terms, consistent with standard no-go theorems of supersymmetric dS space in supergravity [195, 196] . However Hull suggested that these ghosts are an artefact of the supergravity limit and full string theory, with all its massive higher spin states, should somehow make the theory well defined 15 . If correct, then the tensionless limit should be manifestly a well-defined Vasiliev theory with SUSY dS vacua without any ghost. Exactly consistent with the recent results of [197] . Hence if this can be seen as evidence that the exotic string theories are sensible, without having to take the tensionless limit, then after all string theory will have dS vacua, even fully stable ones which preserve supersymmetry. Whether these string theories, if consistent, have anything to do with our universe is unclear. They could equally well be some odd points in theory space, just like Vasiliev gravity.
Conclusion
We hope we have been able to convince some readers that the nature of dark energy in string theory remains an interesting challenge that has not yet been met in a satisfactory manner. Perhaps string theory is trying to tell us something non-trivial about dS space and the nature of dark energy? A paradigm shift might be what is needed to make progress in fundamental cosmology. We therefore think that the most natural assumption, at this point in time, is that string theory conspires against the existence of dS space.
